Botulinum neurotoxins (BoNTs) are the most toxic substances known. They are a family of proteins produced by the anaerobic bacterium Clostridium botulinum. In spite of the high toxicity, the Botulinum neurotoxins are also heavily used in the clinic. The proteins can cause botulism by blocking the synaptic transmission in the peripheral cholinergic nervous system resulting in flaccid paralysis. There are seven different serotypes (denoted A-G) of BoNT as well as numerous subtypes and mosaic serotypes [1, 2] . Recently a new serotype has been identified [3] . Several different cellular targets are cleaved by BoNTs, depending on the serotype in question. [4] [5] [6] .
Botulinum neurotoxins are produced as single-polypeptide chains with a molecular mass of 150 kDa. Structurally the mature toxin consists of three modular domains [7] . The neurotoxin is naturally produced as a progenitor toxin complex (PTC) that contains BoNT and one or several nontoxic neurotoxin-associated proteins (NAPs). The PTC can be up to 900 kDa in total [8] . NAPs protect BoNT in the gastrointestinal tract and help the toxin pass into the bloodstream [8] . The smallest PTC recently had its structure determined [9, 10] . This PTC contains BoNT and the nontoxic nonhemaglutinin (NTNH) protein [8] [9] [10] [11] [12] [13] . This complex has been shown to stabilize the BoNT at low pH and against proteases [10] , which is needed for the toxin to survive the harsh environment of the stomach. NTNH is present in all serotypes. The gene for NTNH is situated next to the gene for BoNT [11, 14] . In addition to the NTNH gene the BoNT gene clusters contain a number of other genes encoding NAPs [8] . Two different types of gene clusters associated with BoNT exist, the HA gene cluster and the OrfX gene cluster [8, 15, 16] . BoNTs are always encoded in a HA or OrfX gene cluster, never a mixed gene cluster and never alone.
The HA cluster, which has been extensively characterized, contains three hemagglutinin proteins (HA17, HA33, and HA70) and NTNH together with BoNT [8] . This cluster is present for BoNT/B, BoNT/C, BoNT/D, BoNT/G, and several subtypes of BoNT/A including the clinically most important subtype BoNT/ A1 [17] (Fig. 1) . The HA proteins form a complex that is part of the larger 900 kDa PTC, by forming a large triskelion-shaped complex [18] . This complex can bind carbohydrates and helps BoNT pass the epithelial cell barrier by binding to E-cadherin. The complex thereby disrupts the E-cadherin mediated cell-to-cell adhesion [8, [18] [19] [20] [21] . A cryo-EM structure of the large PTC (~760 kDa) has also been reported [22] .
In addition to NTNH and BoNT the OrfX cluster consists of the proteins OrfX1, OrfX2, OrfX3, and P47, all of unknown function [16] . The OrfX cluster is found in BoNT/E and BoNT/F and some subtypes of BoNT/A [11, 17] (Fig. 1) . Limited initial characterization of the OrfX cluster proteins have been performed [1, 2, [23] [24] [25] . However, previously nothing was known regarding the structure or function of these proteins [8, 17] . Recent studies indicate that the proteins can form a complex under certain conditions [26] .
Interestingly, the highly similar BoNT/A1 and BoNT/A2 (90% identity [27] ) are encoded in HA and OrfX-type gene clusters, respectively. BoNT/A2 is currently in clinical trials (clinicaltrials.gov ID: NCT01910363) [28] . Here, we have set out to determine the function and structure of the proteins that are part of the OrfX cluster from the BoNT/A2 strain. Several, if not all, proteins expressed from the OrfX gene cluster are among the first identified bacterial members of the tubular lipid-binding (TULIP) superfamily. The TULIP proteins were defined from sequence comparisons [29, 30] , that show that several eukaryotic protein families likely have the same fold, with the core domain being a b-sheet wrapped around a long a-helix [30] . We show that OrfX1 and OrfX2 bind to lipids in vitro, similar to other members of the TULIP family.
Methods
Bacterial strains, plasmids, growth conditions, and purification
The orfX2 and orfX3 genes were obtained by PCR using the genomic DNA of Clostridium botulinum A2/Kyoto. The products were cloned into pET46 using LIC cloning (Table S1 for primers). P47 pDEST plasmid and Clostridium botulinum A2/Kyoto genomic DNA were received from Prof. Eric Johnson [2] .
Selenomethionine incorporation for P47 and OrfX2 was performed during expression in E. coli BL21(DE3) following standard procedures for E. coli (Adapted from Van Duyne et al. [31] ). For 1 L culture 11.28 g of M9 minimal salts base 5x (Formedium) were incorporated into 900 mL milliQ water and autoclaved. A total of 20 mL 20% w/v sterile filtered glucose, 2 mL sterile 1.0 M MgSO 4 , 0.1 mL sterile 1.0 M CaCl 2 , 10 lL sterile 0.1 M MnCl 2 , 100 lL sterile 0.1 M FeSO 4 , and 25-50 lg/mL Carbenicillin were added. Cell culture were grown in a LEX system (Harbinger) at 37°C to OD 600 0.6, when a 100 mL sterile filtered solution of 100 mg of lysine, threonine, phenylalanine, and 50 mg of leucine, isoleucine, valine, and L(+)-selenomethionine were added. Temperature was lowered to 18°C (P47) or 20°C (OrfX2) and 0.5 mM IPTG (OrfX2) or 1 mM IPTG (P47) was added. Native P47 and OrfX3 was expressed in E. coli BL21(DE3) using terrific broth medium, supplemented with 0.5% glycerol and 25-50 lg/mL Carbenicillin, at 37°C until OD 600 of~1. The temperature was lowered to 18-20°C and expression induced by the addition of 0.5-1 mM IPTG. After overnight (~16 h) induction, the cells were harvested by centrifugation and the pelleted cells were frozen in À80°C.
For purification, cells were resuspended in Lysis buffer with Protease inhibitor cocktail (Roche), Lysozyme and DNAse added. All buffers used for purification can be found in Table S2 . Cells were lysed using an Emulsiflex-C3 (Avestin, Germany), followed by ultracentrifugation. Imidazole pH 7.8 (5 mM, OrfX2; 10 mM, P47) was added to the supernatant before incubation with Ni-NTA (0.5 mL/ 40 mL supernatant) at 4°C for 1 h, rotating. Ni-nitrilotriacetic acid was packed into Econo-Pac columns (BioRad), washed with Wash buffer, and protein eluted with Elution buffer. Samples were run over a Superdex column (GE Healthcare), pre-equilibrated in Gel filtration buffer. Fractions were pooled and concentrated using a spin concentrator (Vivaspin). Protein was flash frozen in liquid nitrogen and stored in À80°C.
Selenomethionine OrfX2 his-tag was removed by first running on a PD-10 desalting column (GE Healtcare) using Desalting buffer. EKMax and EKMax buffer (Invitrogen) was added and protein was incubated at 4°C overnight (~16 h), rotating. A total of 10 mM imidazole was added and sample run on Econo-Pac column (BioRad) with prepacked Ni-nitrilotriacetic acid using Reverse IMAC buffer, before running on Superdex column (GE Healthcare) as described above. Additional information regarding protein production can be found in Supporting Information.
Membrane preparation of full-length OrfX3
Cells from OrfX3 expression were resuspended in Membrane purification buffer (Table S2 ). DNAse and Protease inhibitor cocktail (Roche) was added and cells were lysed using an Emulsiflex-C3 (Avestin, Germany) with addition of 5 mM EDTA to prevent membrane vesicle aggregation. Unlysed cells and cell debris were removed by centrifugation at 12 000 g for 15 min and supernatant was then subjected to ultracentrifugation in order to spin down membranes. Membrane pellet was resuspended in Membrane purification buffer and protein concentration in membranes measured using Pierce BCA kit with BSA as standard for the calibration curve. Membrane aliquots were frozen in liquid nitrogen and stored at À80°C.
Full-length OrfX3 location determination
Ten microlitres of OrfX3 membrane preparation were diluted into 190 lL of Resuspension buffer (for buffers see Table S2 ) and ultracentrifuged at 100 000 g and 4°C for 20 min. The supernatant was recovered (soluble fraction) and the pellet was resuspended in 100 lL of Resuspension buffer (insoluble fraction). 2.5 lL of each sample were diluted in 7.5 lL of SDS/PAGE loading buffer and run in a NuPage 4-12% agarose gel. Subsequently, the proteins on the gel were transferred into a PVDF membrane that was previously dipped first in methanol and then in NuPage transfer buffer. The transfer was run at 25V for 2 h.
The membrane was blocked with TBST blocking buffer for 1 h at room temperature. It was then washed twice with TBST buffer for 10 min. The membrane was then incubated for 1 h with HisProbe-HRP (Pierce) reconstituted to 4 mg/mL and then diluted in TBST buffer 5000 times. After incubation it was washed again twice for 10 min with TBST buffer, and detected with TMB substrate for horseradish peroxidase (Promega).
Structure determination
19 mg/mL Selenomethionine P47 or native P47 and 9.55 mg/mL Selenomethionine OrfX2 (his-tag removed) was used for vapor diffusion experiments. Crystals of P47 grew from a solution containing 0.2 M Ammonium Acetate, 0.1 M BisTris pH 4.9-5.8, 22-31% PEG3350, and for Selenomethionine crystals also 10 mM BaCl 2 . The crystals were cryoprotected using mother liquor with poly(ethylene glycol) concentration increased to 40%. Crystals of Selenomethionine OrfX2 grew from a solution of 0.2 M Li 2 SO 4 , 0.1 M Phosphate-citrate buffer pH 4.25, and 23% PEG 1000 with 2 mM TCEP added to the protein buffer. Selenomethionine OrfX2 crystals were cryoprotected using mother liquor supplemented with 20% Glycerol.
Single anomalous diffraction data on the Selenium peak of OrfX2 and native data for P47 was collected at beamline 14.1 at BESSY, Berlin. SAD data on the Selenium peak of P47 was collected at SLS, Schweiz. Data processing and reduction was carried out using XDS and programs from the CCP4 suite [32] and Phenix [33] . The structures of P47 and OrfX2 were solved using the anomalous Se signal using the program Autosol in Phenix. A few cycles of refinement in Refmac5 [34, 35] or Phenix.refine, interspersed with model building in COOT [36, 37] , were needed to build the complete protein models. Detailed statistics for the structures can be found in Table 2 . The structures have been deposited in PDB with the accession codes 6EKT and 6EKV for P47 and OrfX2, respectively.
Lipid interaction studies
Lipid strips spotted with a wide range of lipids of biological interest (Echelon Ò P-6001, P-6002) were used for interaction studies with OrfX1 and OrfX2. A tetanus neurotoxin full-length construct (TeNT) was used as negative control. The strips were blocked with Blocking buffer (See Table S2 for buffers) for 1 h at room temperature, prior to binding with the corresponding protein diluted to 0.5 lg/mL in Binding buffer for 2 h. After incubation with the protein the strips were washed four times with 5 mL of Washing buffer, for 5 min each time. Detection was carried out firstly incubating the strips with a primary antibody (6x-histidine epitope tag mouse IgG2b, Thermo Scientific, MA1-21315) diluted to 1 : 2000 in 5 mL of Binding buffer, then washing four times as described previously, and subsequently incubating with a secondary antibody (donkey anti-(mouse IgG) conjugated to horseradish peroxidase, Sigma-Aldrich, A16017) diluted to 1 : 2000 in 5 mL of Binding buffer. After a last wash performed as previously described, 2 mL of TMB stabilized substrate for horseradish peroxidase (Promega) were applied on the strips. Positive spots were visible after approximately a minute.
Differential Scanning Fluorimetry (DSF)
The DSF experiments to determine the Tm values of the proteins was done in triplicates using both 50 
Structure relationship of OrfX proteins to TULIP proteins
Structure comparison of the P47 and OrfX2 structures (PDB codes 6EKT and 6EKV, respectively) to the PDB was performed using the DALI server [38, 39] . Structural hits with a Z-score higher than 4.0 were collected from both runs. Structural similarity matrices from all-against-all structure comparisons as well as correspondence analysis were obtained using the all-against all-search of the latest release of the DALI server [38] . In case more than one chain from a PDB code was in the list, only one chain was included in the search, and hits found for both OrfX2 and P47 were not duplicated. Similarity matrix heatmap and correspondence analysis plotted in Microsoft Excel.
Results

Sequence similarity of the OrfX cluster genes
The protein sequences of OrfX1, OrfX2, OrfX3, and P47 genes from Clostridium botulinum strain A2 Kyoto were searched against the nonredundant protein sequence database and sequences from the protein data bank (pdb). No significant hits were found to any proteins with known function or structure. However, OrfX3
and P47 are similar to each other. OrfX3 and P47 have 26% identity in the N terminus, giving evidence for similarity of these two proteins. InterPro [40] annotates OrfX2, OrfX3, and P47 as members of the Clostridium P47 superfamily (Pfam 06597), but the function of the proteins it contains is currently unknown.
Production of the OrfX proteins and their interactions
In order to study and characterize the OrfX proteins from C. botulinum strain A2 Kyoto the orfX1, orfX2, orfX3, p47, and ntnh genes as well as an inactive construct of BoNT/A2 (called BoNT/A2i) was cloned. The proteins were then expressed and purified in a nondenaturing fashion (Fig. S1 ). The inactivation mutant has been described for BoNT/A1 previously [10] . BoNT/A2i and NTNH were coexpressed and purified in order to increase yield. pH 6 was kept during purification in order to keep the minimal PTC of BoNT/A2i and NTNH together. This is similar to previous work with BoNT/A1+NTNH and BoNT/E+NTNH [8] [9] [10] . The BoNT/A2i and NTNH proteins comigrated on size exclusion and eluted at a size larger than expected from their individual sizes. This indicates that they form and maintain the minimal PTC (Fig. S2) . Furthermore, the first and second domain of mouse E-Cadherin (EC12) were cloned, expressed, and purified in order to test for possible interaction of the OrfX gene cluster proteins to E-Cadherin. This interaction is seen for the HA cluster complex [21, 41] . Differential scanning fluorimetry (DSF) measurements of stability of the individual proteins were performed in triplicates for OrfX1, OrfX2, and EC12 as well as HcA2 and LcA2 (Parts of the BoNT/A2) at both pH 4.5 and pH 7.5. Results with 95% confidence intervals are found in Table 1 . All proteins show a very similar stability at the two different pH used. OrfX2 experienced two transitions, the first at 50°C and the second at 63°C at pH 7.5. Both InterPro [40] and TMHMM [42] predict the OrfX3 protein to potentially have at least one transmembrane helix (Fig. S3) . Purification of full-length OrfX3 was unsuccessful. A shorter construct lacking the C terminus (OrfX3short) was analyzed as a soluble protein (Fig. S1 ). OrfX3 was verified to be a membraneassociated protein by performing a membrane preparation of E. coli with full-length OrfX3 expressed (Fig. 2 ).
Crystal structure determination
Crystallization studies of P47 and OrfX2 were initiated in order to gain information regarding the structure and function of the proteins of the OrfX gene cluster. Crystals of P47 and OrfX2 were grown using Selenomethionine substituted protein and diffracted to 2.15 and 2.1 A, respectively. P47 data were later extended to 1.75 A using a native protein crystal ( Table 2 ). Both structures were determined using single anomalous diffraction (SAD) experimental phasing on the Selenium peak.
The overall structures of P47 and OrfX2 are shown in Fig. 3A ,B, respectively. The overall structure of the 47 kDa P47 protein reveals that it is an elongated protein composed of three domains, a middle b-sheet domain flanked by two domains that visually are highly similar. They however only have an RMSD of 5.1 A when aligned over 103 Ca [43] and mainly consists of a long a-helix wrapped by a b-sheet.
The overall structure of the 85 kDa OrfX2 protein shows three domains. Two N-terminal domains consisting of a long a-helix wrapped by a b-sheet and a large C-terminal domain that is mixed a-helix and b-sheet with one layer of b-sheet being supported by a-helices. The N-terminal domains are ordered side-by-side, with both interacting with one end of the C-terminal domain. The N-terminal domains of OrfX2 show a considerable similarity to each other with an RMSD of 2.8
A over 126 Ca [43] . The N-terminal domains of both OrfX2 and P47 are similar to each other with an RMSD of 2.5 A over 116 Ca atoms [43] , as seen in the Fig. 3C overlay.
Relationship with other proteins of known structure
The P47 and OrfX2 structures and their individual domains were subjected to structure similarity searches using both PDBeFOLD [43] and DALI [38, 39] against the full PDB. The top hit in all searches of full-length structures is the uncharacterized lipoprotein YCEB from E. coli (3L6I). PDBeFOLD does show that overall, the RMSD between the aligned structures of P47 and OrfX2 is 3.2 A over 326 Ca atoms. For the fulllength structures of OrfX2 and P47, the majority of the top 20 hits are proteins known to belong to the TULIP superfamily [29, 30] . The SMP domain of Extended Synaptotagmin-2 (PDB 4P42 residues 163-341) was found to be of significant similarity against both P47 and OrfX2. This is interesting since canonical Synaptotagmin I and II are cell-surface receptors for BoNT [44] [45] [46] . Extended Synaptotagmin-2 is indicated in lipid transfer between the endoplasmatic reticulum and the plasma membrane [47] .
The DALI structural hits for OrfX2 and P47 with a Z-score above 4.0 were included in a DALI All-againstall search. This was performed in order to determine if OrfX2 and P47 are more closely related to the TULIP proteins or to the protein structure hits not belonging to the TULIP family. The resulting similarity matrix from pairwise DALI structure comparison Z-scores (Fig. S4 ) was represented as a correspondence analysis graph (Fig. 4) . The correspondence analysis show structures that are closely related close together in a two-dimensional field, and show three clusters. The first cluster contains TULIP proteins and some uncharacterized proteins, possibly having the TULIP fold. The second cluster (outgroup left in Fig. 4) contains proteins not included in the TULIP superfamily with no TULIP domain. The proteins contain some features of TULIP proteins such as the curved b-sheet in b-barrel proteins (PDB codes 4PUX and 2ERV) [48] . The third group (outgroup right in Fig. 4 ) only contain structures of two acetyltransferases (PDB codes 5N22 and 4RI1) [49, 50] . 4RI1 is a clear outlier and not shown in Correspondence analysis. The full-length structures of OrfX2 and P47 remain closest to each other and are otherwise near the TULIP proteins included in this search. A few of the uncharacterized proteins such as the uncharacterized lipoprotein YCEB from E. coli (PDB code 3L6I) and structures of Aha-1 from Saccharomyces cerevisiae (PDB code 1USV) [51] and from Plasmodium falciparum (PDB code 3N72) clearly have TULIP-similar folds.
Lipid binding
Many proteins that contain a TULIP fold are known to bind various lipids or other big hydrophobic compounds. They often bind within the interior of the TULIP fold itself. A binding assay using strips with blotted lipids was used to test OrfX1 and OrfX2 for lipid binding. In both cases the proteins were found to bind Phosphatidylinositol phosphate lipids (Fig. 5) . The interaction is specific for the positions of the phosphor groups of inositol, with phosphatidylinositol-3-phosphate and phosphatidylinositol-4-phosphate giving the strongest binding.
Discussion
OrfX cluster general discussion
The Clostridium botulinum neurotoxin gene is always accompanied by genes for several neurotoxin-associated proteins (NAPs). The question thus arises: Why are the NAPs needed, and what are their functions? For Clostridium botulinum, two different clusters of genes are found in different strains and subtypes (Fig. 1) [17] . The knowledge on the OrfX clusters is scarce. In several studies, no stable complex of BoNT/ A2 with any OrfX-protein has been found. Only the M-PTC consisting of BoNT and NTNH has been identified [2, 26, 52] . This was also the case in this study using recombinant proteins (Fig. S2) . OrfX2, OrfX3, and P47 have been shown to be expressed in cell cultures of Clostridium botulinum A2 Kyoto [2] . For the HA cluster of BoNT/A1, it has been shown that the growth media and culture condition play a role in what type of complex is formed from the NAPs [15, 53, 54] , and a similar situation could be the case for the OrfX cluster of BoNT/A2 [26] . 
Protein-protein interactions
The HA cluster proteins form a large complex consisting of all members of the cluster [18, 21] . One clear hypothesis of this study was that this is also the case for the OrfX cluster proteins from BoNT/A2. However, our preliminary findings show no interactions of proteins from the OrfX gene cluster. However, the BoNT/ A2i+NTNH M-PTC complex is intact (Fig. S2) . No interaction with EC12 could be found. This does not rule out interactions between the OrfX proteins and BoNT/A2, but we were not able to observe it within the boundaries of our experimental conditions. OrfX3 was found to associate with the membrane, something that no HA protein does (Fig. 2 and  Fig. S3 ). However, a shorter construct could be expressed as soluble protein (Fig. S1 ). Since OrfX3 is a membrane-associated (Fig. 2) protein, the formation of a soluble complex including OrfX3 should include either a membrane exertion event or protease cleavage to release a smaller fragment of OrfX3. Alternatively, a complex formation could integrate part of OrfX3 in a hydrophobic pocket.
The Tm values for several proteins were determined using the DSF method (Table 1) at both pH 4.5 and pH 7.5. No significant changes were found between the Tm values of the proteins in the two buffers. This indicates that if the proteins are part of a complex they are not very sensitive to changes in pH. Interestingly, OrfX2 was found to experience two clear transitions. This likely means that the individual domains of OrfX2 unfold at different temperatures. It is unknown which part of the protein unfolds at which temperature.
The structures and the TULIP fold
In order to identify the function of the proteins, as no potential function could be derived from sequence analysis of the OrfX cluster, they were subjected to crystallization trials. This was successful for P47 and OrfX2 (PDB code 6EKT and 6EKV, respectively, see Table 2 ). The structures did not show any fold similar to the HA cluster proteins. In both cases two domains with a b-sheet wrapped around a long a-helix was found (Fig. 3) . This fold is named a TULIP fold, belonging to the tubular lipid-binding (TULIP) protein superfamily. TULIP proteins were defined from sequence comparisons [29, 30] and show that several eukaryotic protein families likely have the same fold with the TULIP domain being a b-sheet wrapped around a long a-helix. Several of the members have Lipid strip templates. Legend for the lipids spotted on the strips. LPA, lysophosphatidic acid; LPC, lysophosphocholine; PtdIns, phosphatidy linositol; PI, phosphatidylinositol; PtdIns(3)P, phosphatidylinositol (3) phosphate; PtdIns(4)P, phosphatidylinositol (4) phosphate; PtdIns(5)P, phosphatidylinositol (5) phosphate; PE, phosphatidylethanolamine; PC, phosphatidylcholine; S1P, sphingosine-1-phosphate; PtdIns(3,4) P 2 , phosphatidylinositol (3,4) bisphosphate; PtdIns(3,5)P 2 , phosphatidy linositol (3,5) bisphosphate; PtdIns(4,5)P 2 , phosphatidylinositol (4,5) bisphosphate; PtdIns(3,4,5)P 3 , phosphatidylinositol (3, 4, 5) trisphosphate; PA, phosphatidic acid; PS, phosphatidylserine; DAG, diacylglycerol; PG, phosphatidylglycerol. been shown to bind lipids and their structures show that the lipids often are bound in a cavity in between the central a-helix and the surrounding b-sheet. For a review of the proteins belonging to the TULIP superfamily, see Kopec et al., 2011 [30] . OrfX3 (residues 5-291) has a relatively high similarity and identity (42% and 26%) to P47 (residues 3-258), corresponding roughly to one TULIP domain. Thus, it is highly likely that OrfX3 contains a TULIP domain at its N-terminal.
Since the PDBeFOLD did not produce significant results, we used the DALI server [38, 39] that allows flexible superimposition and plastic deformations. The highest scoring hits from the DALI search belong to the TULIP superfamily [30] and the uncharacterized lipoprotein YCEB from E. coli. This was true for both OrfX2 and P47 and also their individual domains. OrfX2 and P47 are clearly related to each other based on structure, and OrfX3 shows clear sequence identity to P47. Thus, it is likely that OrfX2, OrfX3 and P47 all contain the TULIP fold. The structural information suggests that all the members of the Clostridium P47 family presented here belong to the TULIP superfamily. Previously, the TULIP superfamily contained exclusively proteins of eukaryotic origin. These results firmly establish that TULIP domains also exist in bacterial species.
Lipid binding
Many of the members of the TULIP superfamily have been shown to bind lipids or other long hydrophobic ligands [47, [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] . A lipid-binding assay using lipid interaction strips was performed finding that OrfX1 and OrfX2 could indeed bind to several types of phosphatidylinositol-phosphate (PIP) lipids. They are specific for phosphatidylinositol-3-phosphate and phosphatidylinositol-4-phosphate (Fig. 5) . As the proteins do not bind to several related compounds with similar lipid tails, they show specificity to these lipid headgroups. The binding to lipids further strengthens the finding that the OrfX proteins are part of the TULIP superfamily. OrfX3 was not tested, as a full soluble construct could not be produced. Since OrfX1 also can bind lipids, it is possible that OrfX1 is part of the TULIP superfamily with a TULIP-like fold. Although, the sequence identity of OrfX1 to the TULIP domains of OrfX2, OrfX3, and P47 is low.
Conclusions
We here provide the first insight into the structure and function of the proteins in the OrfX gene clusters. We characterize the proteins belonging to the OrfX cluster of Clostridium botulinum strain A2 Kyoto-F. All proteins of the gene cluster, as well as a mouse E-Cadherin construct were expressed and purified successfully as soluble proteins. OrfX3 was found to be membrane associated and could be expressed as such. Preliminary results show no interactions between the proteins, this does not exclude the possibility that a complex might be formed under other circumstances or after coexpression. This is a subject for further studies. The crystal structures of OrfX2 and P47 were solved and show a structural relationship with proteins of the TULIP superfamily. Lipid-binding assays show that OrfX1 and OrfX2 both bind lipids in a headgroup-specific manner. These findings strongly indicate that the OrfX cluster proteins, and likely the entire Clostridium P47 superfamily, are part of the TULIP superfamily. They are among the first annotated bacterial members of this, up until now, eukaryotic superfamily. We present the first insights into the function of the proteins encoded in the OrfX-type gene clusters. However, much remains to be discovered. We hope that collaborations and discussions regarding our findings will lead to the deciphering of the exact function of the OrfX-type gene clusters.
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